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Abstract

The Escherichia coli chaperonin system, GroEL–GroES, facilitates folding of substrate proteins(SPs) that are
otherwise destined to aggregate. The iterative annealing mechanism suggests that the allostery-driven GroEL transitions
leading to changes in the microenvironment of the SP constitutes the annealing action of chaperonins. To describe
the molecular basis for the changes in the nature of SP–GroEL interactions we use the crystal structures of GroEL
(T state), GroEL–ATP(R state) and the GroEL–GroES–(ADP) (R0 state) complex to determine the residue-specific7

changes in the accessible surface area and the number of tertiary contacts as a result of the T™R™R0 transitions.
We find large changes in the accessible area in many residues in the apical domain, but relatively smaller changes
are associated with residues in the equatorial domain. In the course of the T™R transition the microenvironment of
the SP changes which suggests that GroEL is an annealing machine even without GroES. This is reflected in the
exposure of Glu386 which loses six contacts in the T™R transition. We also evaluate the conservation of residues
that participate in the various chaperonin functions. Multiple sequence alignments and chemical sequence entropy
calculations reveal that, to a large extent,only the chemical identities and not the residues themselves important for
the nominal functions(peptide binding, nucleotide binding, GroES and substrate protein release) are strongly
conserved. Using chemical sequence entropy, which is computed by classifying aminoacids into four types
(hydrophobic, polar, positively charged and negatively charged) we make several new predictions that are relevant
for peptide binding and annealing function of GroEL. We identify a number of conserved peptide binding sites in the
apical domain which coincide with those found in the 1.7 A crystal structure of ‘mini-chaperone’ complexed with˚

the N-terminal tag. Correlated mutations in the HSP60 family, that might control allostery in GroEL, are also strongly
conserved. Most importantly, we find that charged solvent-exposed residues in the T state(Lys 226, Glu 252 and
Asp 253) are strongly conserved. This leads to the prediction that mutating these residues, that control the annealing
function of the SP, can decrease the efficacy of the chaperonin function.
� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The chaperonin machinery, GroEL and GroES,
helps folding of newly synthesized proteins in
Escherichia coli and facilitates in vitro refolding
of a number of structurally unrelated proteins
under conditions(non-permissive) that promote
aggregation or trapping in misfolded statesw1x.
Developments in protein folding theoryw2–4x, in
vitro biophysical studies of GroEL-assisted folding
w5–7x, and the determination of the structures of
GroEL w8x, GroESw9x, GroEL–ATP complexw10x,
and the GroEL–GroES–(ADP) complex w11x7

have enhanced our understanding of this class of
nanomachines. The iterative annealing mechanism
(IAM ), which incorporates these developments
w12x dissects the workings of this ATP-driven
nanomachine into three distinct parts:(i) The ATP-
and GroES-induced changes in the architecture of
GroEL that take place in the course of the chape-
ronin cycle w13x. (ii) The fate of the substrate
protein (SP) as a result of capture and encapsula-
tion by the nanomachine.(iii ) The coupling
between the allosteric transitions of the GroEL
system and the folding kinetics of the SPw5,14x.
An exploration of the annealing action, at the
molecular level, must incorporate these three major
events that occur in the chaperonin cycle.
The class I chaperonins, belonging to the HSP60

family, consist of two heptameric rings stacked
back-to-back that communicate with one another
and operate in a coordinated manner. The presence
of a large central cavity in GroEL prompted the
suggestion that the sole function of GroEL is to
act as a passive Anfinsen cage, i.e. to sequester
the SP and allow folding to occur in isolation. The
IAM invokes an active role of GroEL. Annealing
of the SP occurs as a result of thechanges in the
microenvironment felt by the SPs. The nature of
interactions between SP and GroEL changes
because of the spectacular allosteric transitions
that GroEL undergoes in the ATP-driven cycle.
Thus, the fundamental annealing action is inti-
mately linked to the large conformational changes
in GroEL. Iterative annealing is often required to
get sufficient yield of the folded SP, i.e.n, the
number of binding and release events, is usually
greater than onew15x. It has recently been noted

that the folding rate of Rubisco, which is recog-
nized to be a stringent SP for GroEL, increases by
a factor of four in a single ring mutant of GroEL
w16x—one from which ADP and GroES are not
released. In this experimentw16x there is a change
in the microenvironment of the SP because ATP
and GroES binding have triggered the T™R™R0

transitions. Hence, the model proposed inw16x
does not correspond to the original Anfinsen cage
picture, but is a special case of IAM withns1.
Although the active role played by GroEL is

not in dispute, the molecular basis for the anneal-
ing action(the way the SP is folded by interactions
with GroEL and GroES) has not been fully clari-
fied. Much attention has focused on the ‘nominal’
functions of GroEL. These are SP binding, ATP
hydrolysis, and binding and release of GroES.
Residues that control these functions have been
identified using mutagenesis experimentsw17x and
structural analysisw18,19x. However, the most
crucial function of GroEL is to assist folding of a
number of structurally unrelated proteins that are
kinetically trapped. Computational studiesw14x
show that alternation of the cavity lining from
hydrophobic to hydrophilic is sufficient to ‘smooth
out’ the energy landscape of the SP. In this process
the SP undergoes unfoldingw18,20x (locally or
globally) by a force transmitted to it by GroEL
domain movementsw21x. Whatever the mecha-
nisms of producing a favorable SP free energy
landscape may be, the crystal structures of GroEL
w8x (referred to as T-state from now on), the Cryo-
EM picture of the GroEL–ATP complex(R state)
w10x, and GroEL–GroES–(ADP) (R0 state) w11x7

can be used to analyze residue specific movements
that provide the requisite changes in the character
of inner walls of GroEL.
Of particular importance in the chaperonin cycle

is the chemical character of the residues lining the
surface of the GroEL central cavity. In the T state,
hydrophobic residues that line the mouth of the
cavity facilitate the capture and sequestration of
the SP, while in the R0 state hydrophilic residues
line the cavity walls. A less spectacular, but sig-
nificant, change in the wall character of GroEL
occurs as a result of T™R transition. These
structural changes are accompanied by dramatic
domain shifts in the GroELcis ring, especially
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Fig. 1. (a,b) Schematic drawing of one subunit in the GroELcis ring in the free(a) and liganded(b) state. Colors represent the
equatorial domain(blue), the intermediate domain(green) and the apical domain(red). Cylinders representa-helices, arrowsb-
strands, and continuous lines extended strands. Pivot points for domain movement are indicated by circles and arrows.(c,d) One
subunit of the GroES molecule:(c) unboundw28x; (d) bound to GroELw11x. All secondary structure elements are represented in
green, except for the ‘mobile loop’(purple). Figures(c) and(d) were produced using Molscriptw33x, Povscriptw34x, Rasmolw35,36x
and PovRayw37x. Figures(a), (b), and(d) were adapted fromw11x.

those residues associated with the SP-binding sites
in the apical(A) domain, the nucleotide binding
sites in the equatorial(E) domain(Fig. 1a,b), and
the residues that control the annealing function of
GroEL. The structure of the GroELtrans ring is
only slightly modified between these states. The

co-chaperonin GroES undergoes significant struc-
tural transformations between its unbound and
bound state, mainly in the ‘mobile loop’ respon-
sible for the formation of the GroEL–GroES inter-
face (Fig. 1c,d). The purpose of this note is to
analyze the role of these residues in the annealing
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action of GroEL, and to correlate these with the
degree of evolutionary conservations in related
HSP60 sequences. We show that several previously
unidentified residues, which are dispersed through-
out the GroEL structure, are crucial to the overall
function of chaperonins. We predict that mutating
the chemical identity of residues that provide a
hydrophilic lining of the GroEL cavity in the R0
state can be deleterious to its function.

2. GroEL residues that control the annealing
function of the SP

The annealing action, that stochastically alters
the free energy landscape of the SP, is due to
switches in the nature of residues that line the
inner cavity of the GroEL particle. Residue-specif-
ic structural movements can be characterized
through the changes in the area per residue acces-
sible to solvent molecules. The algorithm used for
the calculation of the accessible area per residue,
due to Lee and Richardsw22x, employs a computer-
generated space-filling model of the protein locat-
ed on a three-dimensional grid. The surface area
of a residue exposed to solvent is determined as
the locus of the center of a solvent molecule which
makes maximum contact with the residue atoms.
To compare the accessible area for different types
of amino acids, we used

r sa ya (1)s s 0

where a is the accessible surface area of thes

amino acidX in the polypeptide chain, anda is0

the reference accessible surface area of the amino
acid in an extended Gly-X-Gly tripeptide w23x. A
small value ofr implies that the residue is deeplys

buried in the polypeptide chain structure, while a
value of the order 1 is typical of residues on the
protein surface. We compared the accessible area
of amino acids in the liganded and unliganded
states of both GroEL and GroES. We define the
relative change of accessible surface area between
the R0 and the T states as

r R0 yr TŽ . Ž .s s
Ds =100 (2)

R TŽ .s

where R(T)smax{ r (T)} , is the largest accessi-s s

bility ratio for residues in the T state. In the case
of GroEL, R(T)s1.08, corresponding to Ser 43s

(a (T)s131 A ), while for GroES, R(T)s1.09,2
s s

˚
corresponding to Ala 22(a (T)s123 A ). Signif-2

s
˚

icant changes in the accessible surface area are
associated with 020%.Z ZD

To further analyze the structural changes in the
T™R™R0 transitions we also computed the res-
idue specific changes in the number of contacts

Z a yZ aŽ . Ž .i jq1 i j
DZs (3)i Z aŽ .i j

wherea , a and a correspond to T, R and R01 2 3

states, respectively. The number of contacts is

Z a s Q R yr (4)Ž . Ž .i j cut ik8
k/i

wherer is the minimum distance between heavyik

atoms in the side chains of residuesi andk, R scut

5.2 A is the cutoff distance for contact, andQ(x)˚
wQ (x)s1 if xG0 and is 0 otherwisex is the step
function. Quantitative assessment of the crucial
structural changes accompanying the concerted
allosteric transitions can be made usingDZ andi

D.
To identify the residues responsible for the

changes in the inner surface of GroEL, we deter-
minedD per residue in each domain of a GroEL
cis ring following the T™R0 transition using the
T and R0 crystal structures(Fig. 1). The residues
found on the external surface of the GroEL dome
in the R0 state were ignored, as this surface is
thought not to play an active role in the chaperonin
cycle. For the present discussion, the secondary
structural elements of interest also include residues
at neighboring sequence positions.

2.1. Apical domain (residues 191–376)

A number of residues in the apical domain has
a reduced exposure to the solvent(D-0), partly
due to the bias imposed against the external surface
residues and partly due to the formation of the
GroEL–GroES interface(Fig. 2a). The GroES
binding sitesw17x, i.e. residues in helices H and I,
are substantially less exposed to the solvent in the
R0 state. Among the established binding sites
Leu234 undergoes the largest change inD. Our
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Fig. 2. Residues with significant changes(except for part b) in accessible area in the liganded vs. unliganded GroEL:(a) the apical
domain. Filled circles indicate residues in the long loop between strands 6 and 7 and helices H and I. Other residues are shown
with open circles.(b) A set of hydrophilic residues found on the cavity lining in the R0 state.(c) The intermediate domain. Filled
symbols represent residues on or near helices F and M. Normalized hydrophobicity values were taken from Eisenberg et al.w38x.

analysis also suggests other residues in helices H
and I, namely, Gly256, Thr261, Asn265 and
Thr266 also have large negative values ofD.
Recently, Buckle et al.w19x, have proposed Thr261
and Asn265, both of which are in helix I, as SP
binding sites. Other residues that are SP binding
sites(Leu237, Leu259, Val263 and Val264) move
considerably less in the course of the T™R0

transition. Chen and Sieglerw18x have speculated,
based on crystal structure of peptides bound to the
apical domain, that the segment 301–311 may

indirectly contribute to peptide binding. We find
that Glu304, Ile305, Gly306.(D-0) and Leu309
(D)0) undergo substantial fluctuations in the
course of the T™R0 transition.
We have also focused on a set of hydrophilic

residues found in the cavity lining in the R0 state
w11x: Asp 224, Lys 226, Ser 228, Glu 252, Asp
253, Glu 255, Glu 304, Lys 327, Asp 328, Asp
359 and Glu 363. In this case, no threshold values
were imposed for the minimum surface area per
residue in the T state, nor regarding the change in
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accessible area between the T and R0 state. With
the exception of Ser228, Glu257 and Glu304 all
other (Fig. 2b) have relatively small changes in
accessible area. The movement in most of the
hydrophilic residues results in the SP experiencing
a hydrophilic environment in R0. The mechanism
of switching the chemical character of the cavity
lining consists of the withdrawal of the hydropho-
bic residues into the GroEL–GroES interface and
the small displacement of hydrophilic residues to
the cavity surface. Because the hydrophilic resi-
dues contribute to changes in the wall character
we predict that they are important in the annealing
function of GroEL, i.e. drastic changes in these
residues might reduce the efficiency of chaperon-
ins. We have previously suggestedw12x that,
because the cavity lining is likely to be less
hydrophobic in the R(GroEL–ATP complex) than
in the T state, GroEL can serve as an annealing
nanomachine for some SPs even without GroES.
Recently, Ranson et al.w10x have obtained a 10 A˚
map of the R state using cryo-EM. Assuming that
domains execute rigid body movements they fitted
the low-resolution map to atomic structures to get
an estimate of the coordinates of the R state. We
find that even in the R state a sufficient number
of hydrophilic residues line the cavity so that the
interaction with the SP is reduced. This observation
is reflected in the number of contacts some of the
hydrophilic residues make in the two allosteric
states(Fig. 3a). For example, Asp224 and Lys225
have two more contacts in the R state than in the
T state. Similarly, Val263 and Val264 have lesser
contacts in the R state than in the T state. This
suggests that these hydrophobic residues have
moved away from the inner lining and are replaced
by hydrophilic residues. We should emphasize,
however, that the major changes in the wall char-
acter take place only upon GroES bindingweither
R9 (GroEL–GroES–(ATP) x or R0 state. This is7

reflected inDZ for several residues. For example,i

Glu257 and Glu304 gain contacts while hydropho-
bic residues Leu259, Phe204(loses six contacts),
and Ile205 lose contacts. Thus, for stringent SPs
the full machinery is required.
A spectacular change in the number of contacts

occurs for Glu386 which forms an inter-subunit
salt bridge with Arg197 of the adjacent apical

domain. The number of contacts that Glu386
makesdecreases from seven in the T state to just
1 in the R state. This creates local instability in
the apical domain which facilitates the observed
counterclockwise rotation in the T™R transition.
Transition to the R state also weakens the SP-
GroEL interaction in the R state. Glu386 gains a
contact in the R™R0 transition.

2.2. Intermediate domain (residues 134–190 and
377–408)

Helices F(residues 141–151) and M (residues
386–409) are responsible for closing the nucleo-
tide-binding site by clamping onto the equatorial
domain upon GroES bindingw11x. Two charged
residues, withD)0 Glu 386 and Glu408 are found
in the cavity lining in the R0 state. However, many
residues in helix M exhibit a large loss of acces-
sible area whereasD-0 only for two residues in
helix F (Fig. 2c). A large negativeD value is
found for Asp398, a residue that is required for
ATP hydrolysis. Because Asp398 gains contacts
only after R™R0 (or R9) transition we conclude
that coordination with Mg occurs only upon2q

GroES binding. Residues Thr181 and Gly182
(more exposed), are associated with elements close
to the hinge between the apical and intermediate
domain, namely helix G and strands 4 and 5. The
domain movements in the T™R transition also
lead to loss in contacts in a number of residues;
Thr181 loses four contacts whereas Gly182 loses
two. Cys138, which is correlated with Cys519
w24x, has four fewer contacts in the R state than
in the T state. The number of contacts that I-
domain residues make does not change signifi-
cantly in the R™R0 transition. The exception is
Asn153 which gains four contacts. This increase
is also reflected in the large negative value ofD.
It has been shown that mutations of Ile150, Ser151
and Ala152 compromise ATPase activity. Our anal-
ysis suggests that the neighboring Asn153 might
also be an interesting candidate for future muta-
genesis experiments.

2.3. Equatorial domain (residues 6–133 and 409–
548) w25x

The equatorial domain moves very little during
the chaperonin cycle. However, important changes
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Fig. 3. Relative change in the number of contacts for residues in the GroELcis ring following the T™R transition(lower panel)
and the R™R0 transition (upper panel): (a) Apical domain;(b) and (c) Equatorial domain. Red(Blue) dots represent residues
with inter-ring (inter-subunit) contacts in the R0 state.

in the accessible area occur due to the motion of
the intermediate domain. Two equatorial domain
structural elements are closely involved in nucle-
otide-binding, the stem loop(residues 34–52) and
helix C (residues 65–85). Analysis of equatorial
domain residues with a largeD shows almost total
absence of accessible area gains(D)0) in this
domain. All of the residues in the stem loop and
helix C become significantly less exposed. Among
the remaining residues, two categories can be
distinguished: residues near the nucleotide-binding
site (Val54, Gly86, Asp87, Pro113, Leu494,
Tyr506 and Leu513), and residues participating in
the inter–ring interface(Gly9, Lys15, Val107,

Val438, Glu461, Ser463 and Val464). The large
change of accessible area of residues involved in
the inter–ring interface may be an artifact of the
two structures considered in this study: the
unbound GroEL structure has a single heptameric
ring, while the GroEL–GroES–(ADP) complex7

contains both GroEL rings. Nevertheless, this dif-
ference allows us to examine the inter–ring inter-
face. Three of the residues found through our
approach are among those with a major role in
stabilizing this interface: Glu461, Ser463 and
Val464 w26x. In addition, the mutation E461K,
which locally alters the balance of electrostatic
interactions, affects GroES binding and polypep-
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tide release, without affecting the ATP activity
w17x.
In accord with the calculations ofD we find

that, with the exception of Asp87, there are no
dramatic changes in the number of contacts in the
equatorial domain in the T™R™R0 transitions.
The coordination number of Asp87 increases from
1 to 5 as the R™R0 transition occurs. This residue,
which is strongly conserved(see below) coordi-
nates with Mg .2q

2.4. Subunit–subunit interactions

The integrity of the GroEL oligomer is achieved
by attractive subunit–subunit interactions. We have
identified the residues that provide stability to
GroEL multimer in the T and R0 states. The
residues that are in contact between two adjacent
A domains in the T and R0 states are completely
different (Fig. 3). After large movement of the A
domains, the interactions that emerge between the
A domains in the R0 state involve residues Glu304,
Ile305, Gly306, Gln348 and Gln351 in one subun-
it, and residues Tyr203, Glu209, Thr210, Ala260,
Val263 and Val264 in the adjacent subunit. Thus,
the subunit–subunit interactions between A
domains in the T state are replaced by an altogether
new set of residues in the R0 state. The inter–
subunit interactions in the T state are largely
between charged residues, whereas weaker inter-
actions are present in the R0 state w27x. The
changes in the coordination numbers(Fig. 3)
reveal that the intermediate domain forms a new
set of interactions in the R0 state that is absent in
T or R states. For example, the number of contacts
for Val387 and Ala405 increases by five and four,
respectively.
A different picture emerges when considering

the subunit–subunit interactions involving the E
domain. A large subset of interactions are pre-
served in both the T and R0 states, which is
consistent with the relatively small displacement
of residues in the T™R0 transition. Because in
the T™R0 transition, which is driven by ATP and
GroES binding, the adjacent subunits move apart
in a counter-clockwise manner, the E domains
experience a torque. The small displacement of
the residues in the E domain due to this torque

implies a large moment of inertia associated with
this domain. The dense inertial mass of this domain
has a functional role in imparting a stretching force
to the SPw12x.

2.5. GroES

The largest changes in accessible area for GroES
(Fig. 1c,d) residues, shown in Fig. 4, were com-
puted using the structures of the free statew28x
and the one complexed with GroESw11x. As in
the case of the GroEL apical domain, most hydro-
phobic residues participating in the GroEL–GroES
interface exhibit a significant loss of accessible
area. These are clustered in the mobile loop(resi-
dues 16–33), which is the most flexible element
of the GroES structure. Exceptions are Arg14,
which appears in the cavity lining, Ile25(a residue
that participates in the interface between GroEL
and GroES) faces the exterior of the R0 complex,
and Ala32. The neighboring Ala33 hasD-0. The
residues required for the GroEL–GroES interface,
Ile25, Val26 and Leu27, are shown in bold labels.
Among them Ile25 and Leu27, are located on the
external surface in the R0 state. Residues Leu49
D)0 and Arg47D-0, located at the rigidb-
hairpin loop that blocks the access to the complex
cavity have large values ofD. The functional
significance of the exposure of a hydrophobic
residue and burial of a positively charged residue
upon binding to GroEL is not clear. Because these
residues do not directly interact with GroEL we
surmise that they must play a role in the release
of GroES. Mutations of these GroES residues
might shed additional light on their roles. There is
considerable movement in the highly conserved
Gly 72 that is located near the GroEL–GroES
interface.

3. Sequence conservation in the HSP60 family
and functional implication

The integration of the structural and sequence
analysis allows us to infer the role of the most
evolutionary conserved residues in relation to the
various functions of chaperonins. We expect strong
sequence conservation at positions that are asso-
ciated with the nominal functions(ATPase activity,
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Fig. 4. Relative change in accessible area for residues in bound vs. unbound GroES structure.

SP binding, and interactions with GroES) of
GroEL. These functionsdo not impact directly on
the most crucial function of the chaperonin
machinery, namely, to enable kinetically trapped
SPs to reach their native state. The preceding
structural analysis has isolated some of the residues
that are involved in the alterations in the nature of
the SP–GroEL interactions. In this section we use
multiple sequence alignments together with
sequence entropy to address the extent to which
these residues are conserved in the HSP60 family.
Brocchieri and Karlin w27x performed multiple
sequence alignment using 43 HSP60 sequences
together with a site-specific conservation index
wCI(i)x to pinpoint many of the crucial residues in
the ATPyADP and Mg binding sites and sub-2q

strate binding sites. The present analysis leads to
several new predictions.
Sequence alignment was performed using the

PSI-BLAST program w29x. The sequences are
aligned against theE. coli chaperonins. In all,
there are about 450 sequences for GroEL and
about 250 for GroES. To assess the extent of
conservation we use the sequence entropy(SE)

m

S i sy p i lnp i (5)Ž . Ž . Ž .j j8
js1

where is the frequency of occurrence of anp iŽ .j

amino acid of typej at position i and ms20 is
the total number of amino acid types. Gaps in the
sequence alignment are not included in the deter-
mination of p (i). The reference SE, in which allj

p (i) are the same, isS(i)sln 20,3, correspondsj

to a situation in which all amino acids can occur
with equal probability. If residuei is perfectly
conserved, S(i)s0. The sequence entropy is
approximately related to CI(i)f1yS(i). For the
purposes of classifying the degree of conservation,
we assume that strongly conserved residues have
0-S(i)(0.25 and weakly conserved residues have
0.25-S(i)(1.0. In this section the numbers in
parentheses following the indicated amino acids
represent either the sequence entropy or the chem-
ical sequence entropy(see below).
Mutational analysis of Fenton et al.w17x has

already identified many(not all) residues that are
important in the nominal functions(ATPase activ-
ity, polypeptide binding and its release) of GroEL.
Because SP folding is intimately related to the
sequence of concerted transitions T™R™R0 we
are interested in the extent to which the residues
that provide differing microenvironment to the SP
as GroEL undergoes T™R™R0 transitions are
conserved. Although structures alone can be used
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to identify the residues that provide a hydrophilic
environment to the SP sequence analysis can be
used to get an evolutionary perspective on the
conservation of such residues in the HSP60 family.
Through a combined analysis testable predictions
can be made.

3.1. Apical domain

Fenton et al.w17x suggested that the putative SP
binding sites are Tyr199(0.22), Tyr203 (0.23),
Phe204(0.43), and residues located in helices H
and I, namely, Leu234(0.78), Leu237 (0.09),
Leu259 (0.16), Val263 (0.49) and Val264(0.1).
Of the eight residues only five are strongly con-
served. Thus, sequence entropy for the A domain
shows (Fig. 5a,b) that relatively few residues
involved in the binding of the SPs and GroES are
strongly conserved. Given the importance of the
role of helices H and I in the capture of SP, it is
somewhat surprising that these residues do not
show stronger conservation. A better assessment
of conservation is obtained using the chemical
sequence entropy(CSE), .S iŽ .T

4
T TS i sy p i lnp i (6)Ž . Ž . Ž .T j j8

js1

where the summation is over the type of residues.
The four types are: hydrophobic(Cys, Phe, Ile,
Leu, Trp, Val, Met, Tyr and Ala), polar (Gly, Pro,
Asn, Thr, Ser, Gln and His), positively charged
(Arg and Lys), and negatively charged(Asp and
Glu). The values of CSE for several of the SP
binding sites of Fenton et al. are small(Fig. 5c,d).
Except for Tyr203(0.15) the CSE for the other
seven residues are close to zero. This implies that
in the SP binding sites only substitutions by other
hydrophobic residues are tolerated. The CSE cal-
culations also show that, two previously unidenti-
fied residues Ile205(S s0.15) and Asn206(S sT T

0.07), which are in the loop connectingb6 and
b7, could also influence peptide binding.
Buckle et al.w18x suggested, based on a 1.7 A˚

crystal structure of the apical domain with an N-
terminal tag, that Ile230, Glu238, Ala241, Glu257,
Ala260, Thr261, Asn265, Arg268, Thr270 and
Val271 are also potential SP-binding sites. Previ-

ous calculationsw27x and sequence entropy com-
putations (Fig. 5a) do not show strong
conservation at these positions. However, using
the CSE values we infer that Ile230(0.12), Glu238
(0.23), Glu257 (0.06), Asn265 (0.02), Thr261
(0.23), Arg268 (0.18) and Val271 (0.04) are
strongly conserved. This lends support to the
findings of Buckle et al.w18x. We also predict
Leu262 (S s0), whose chemical identity is per-T

fectly preserved, should be considered a putative
SP binding site. Chen and Sieglerw19x have
suggested that the segment 301–311 may also
indirectly influence peptide binding. The chemical
entropies of Glu304 and Leu309 are 0.06 and 0.07,
respectively. This highlights the possible impor-
tance of these residues in influencing SP binding
w19x.
The pair of Gly at 192 and 375 is absolutely

conservedwS(i)'0x (Fig. 5a,b). Theen bloc large
amplitude rigid body movement of the A domain
occurs around this pivot point. The present study
reveals other strongly conserved residues, namely
Leu221 (strand 8), Lys226 (loop between strand
8 and helix H), and residues Pro246–Asp253
(strand 9). We find thatS (i)f0 for these residuesT

which shows that in the HSP60 family their chem-
ical character is evolutionarily conserved. Charged
residues Lys226, Glu252 and Asp253, which point
into the GroEL cavity upon nucleotide and GroES
binding, also have relatively smallS(i) values.
The importance of these residues has not been
emphasized in previous studies that focused almost
exclusively on the nominal functions of GroEL.If
the annealing action of GroEL is linked to the
allostery-driven alterations in the wall character
of the cavity w12x, then we predict that mutations
of the charged residues (for example Lys226,
Glu252 and Asp253) can greatly compromise the
efficiency of assisted folding.

3.2. Intermediate domain

Upon ATP binding the I domain exercises a 258

movement towards the E domain around the hinge
Pro137 and the perfectly conserved Gly410.
Among the four residues comprising the two hing-
es in GroEL only Pro137 is not absolutely con-
served wS(137)f1.5x. The most common
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Fig. 5. (a,b) The sequence entropywEq. (5)x of the GroEL apical domain as a function of the sequence position.(a,b) Conservation
of amino acid types. Hydrophobic residues are shown with filled symbols and hydrophilic residues with empty symbols. The nine
labeled residues have been identified as required for binding non-native polypeptidesw17x. The positions of the corresponding
secondary structure elements(long loop between strand 6 and 7, helices H and I) are indicated with arrows.(c,d) Sequence entropy
calculated using Eq.(6): hydrophobic(filled circles), polar (empty circles), positively charged(filled squares), and negatively
charged(empty squares). Continuous lines serve as a guide to the eye.

substitution at this site, among the 481 consensus
HSP60 sequences, is Lys. Neither the chemical
character, nor size seems to be important at this
position. Strongly conserved residues, with large
values of D, are Val169, Gly173 wS(173)f
S (173)f0x, Lys393 wS (393)s0.07x, andT T

Asp398 wS(398)fS (398)s0.03x. Besides theseT

residues, others(Ser151, Ile150, Ile175, Glu386,
Glu388 and Glu391) are also highly conserved

with an average value ofS s0.10. Some of theseT

and Asp398 make contact with either ADP in the
asymmetric structure(1aon) or ATP in the sym-
metric structure(1der) w30x.
Kass and Horovitzw31x have recently argued

that correlated mutations, which couple non-con-
tacting pairs, triplets of residues, in GroEL and
GroES might serve as signaling networks for
allosteric communications. They have suggested,
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using sequence analysis, that only 31 pairs out of
a possible 87 751 pairs are coupled. Out of the
two residues in the I domain that are correlated
with other residues Val158 is linked with Arg58
in the E domain. Interestingly, the chemical entro-
py values for Arg58 and Val158 are 0.07 and 0.03,
respectively, implying very strong conservation at
these positions. Other methods of searching for
sequence correlation do not reveal the importance
of these coupled sites. Our analysis further vali-
dates the suggestion by Kass and Horovitz.

3.3. Equatorial domain

The strongly conserved residues are Asp52,
Gly86, Asp87, all of which are located on the stem
loop or on helix C. Asp87, which is essential for
ATP hydrolysis and polypeptide releasew17x, has
S(i)s0.05. Relatively conserved residues are
Thr50, Val54 and Ser509. Positions within or
around the stem loop are strongly conserved, while
little conservation occurs for the helix C. Residues
86–91, which are located at or near the nucleotide-
binding site, are almost perfectly conserved. The
analysis of Brocchieri and Karlin, done by a very
different method, also points to these residues as
having a value of CIf1.
There are a few coupled sites in the E domain

that are strongly conserved according to the CSE
values. For example, we find that Cys138 and
Cys519 are highly conserved. This is particularly
interesting in light of a study by Horovitz et al.
w24x who found that addition of ADP led to the
dissociation of C519S but not the double mutant
C138SyC519S.
As an example of network of interactions

between residues in the I and E domains Kass and
Horovitz w31x single out Asp58, Ala81 and
Asp328. Such network of residues, which are not
in contact in the available structures, may mediate
allosteric transitionsw31x. Molecular dynamics
simulations w32x had also suggested that Arg58,
Asp83 and Lys327 may interact with each other
in the R state. The CSE for all the residues except
Ala81 is less than 0.15 which implies very strong
correlation. We also find that Asp83 and Lys327
lose contacts(DZ-0) in the T™R transition

which further lends support to the importance of
this network of residues.

3.4. GroES

The formation of a well-defined interface with
helices H and I of GroEL is the crucial role of
GroES in the chaperonin cycle. The interface is
formed by interaction of the mobile loop residues
(Glu16–Ala33) with the hydrophobic residues of
helices H and I. Although it is not indicated in the
crystal structure the three charged residues(Glu16,
Glu18 and Lys20) in the mobile loop could form
salt bridges with the oppositely charged residues
in H and I. From these considerations we would
expect strong sequence conservation in at least a
few of the mobile loop residues. Sequence entropy
using 250 aligned GroES sequences shows(Fig.
6a) little conservation even for residues that under-
go large changes in the accessible surface area
(Fig. 4) to form the interface with GroEL. With
the exception of Gly24wS(24)s0.19x none of the
residues in the mobile loop is conserved.
Sequence entropy alone fails to identify crystal-

lographically relevant GroES residues(Ile24,
Val26 and Leu27) that interact with the hydropho-
bic residues from helices H and I. On the other
hand, CSE shows(Fig. 6b) that the nature of
several mobile loop residues are nearly perfectly
conserved(S (i)f0). The values ofS (i) forT T

Ile25, Val26 and Leu27 are 0, 0.08 and 0.07,
respectively. This finding, which was not realized
in previous sequence analysis, shows that at these
positions only substitutions by other hydrophobic
residues are tolerated. We also find that Thr28
wS (28)s0.23x, which can make hydrogen bondsT

with residues in GroEL, is strongly conserved. The
hydrophobic patch Val65(S s0), Ile66 (S sT T

0.15) and Phe67(S s0.03) are highly conserved.T

There are very few studies examining the effect of
GroES mutations on the function of GroEL. The
present analysis suggest possible candidates for
such studies.

4. Conclusions and predictions

The analysis of the crystal structures of the
unliganded T, R and the R0 states reveals that



465G. Stan et al. / Biophysical Chemistry 100 (2003) 453–467

Fig. 6. GroES sequence entropy. The position of the mobile loop is indicated between arrows. Labeled residues are among those
exhibiting significant changes of accessible area. Symbols used are the same as in Fig. 1.

many residues have large loss or gain in the
accessible surface area and the number of contacts.
Such large displacements appear to facilitate the
important changes in the nature of the interaction
between the SP and the cavity. The key function
of the chaperonin nanomachine is to rescue SPs

that are likely to aggregate. Prior to the occurrence
of a few crucial events in the chaperonin cycle
(ATP hydrolysis, binding of ATP to the trans ring,
etc.) the annealing of the encapsulated SP com-
mences. According to IAM, annealing becomes
possible because of the change in the character of
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the cavity as the T™R™R0 transitions take place.
Residues(e.g. Lys226, Glu251 and Asp252) that
provide a hydrophilic environment to the SP in
the R0 stateare not perfectly conserved. Neverthe-
less, IAM suggests that preserving the chemical
identity, which are solvent-exposed in the T state,
is critical. In accord with this observation the
entropy wS (i)x, that takes into account only theT

chemical identity, calculations show that these
residues arestrongly conserved. This study leads
to an experimentally testable prediction that mutat-
ing these seemingly non-conserved residues can
compromise the efficiency of the chaperonin
machinery. In general, it is seen that with the
exception of a relatively small number of sites
only the chemical identities of residues are evolu-
tionarily conserved in the HSP60 family. Thus, a
great degree of plasticity, at the sequence level, is
observed in the evolution of this class of proteins.
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